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The A protein of bacteriophage P2 initiates DNA replication by a single-stranded cut at the origin, and the DNA replication
proceeds unidirectionally by a modified rolling circle type of replication. The P2 A protein belongs to a family of proteins
involved in the initiation of rolling circle DNA replication, and the prototype for this family is the well-characterized A protein
of phage fX174. One of the common motifs of this family contains two conserved tyrosine residues, which have been
shown to be able to alternate in catalyzing the cleavage as well as joining reactions in the fX174 A protein. We investigated
the role of the conserved tyrosine residues in P2 A protein by in vitro mutagenesis. Only one of the two conserved tyrosine
residues was found to be involved in the cleavage reaction. The tyrosine residue dispensable for cleavage and ligation is,
however, required at some other stage of the P2 growth cycle, since viable recombinants containing this mutation could
not be obtained. The sequence requirements for cleavage of the target site were analyzed with a set of oligonucleotides
having single base alterations in the nick region, and the results indicate that only five core nucleotides need to be conserved
for efficient cleavage. q 1996 Academic Press, Inc.
INTRODUCTION in common. Motif 1 is located upstream of motif 2, and
motif 3 downstream. The C-terminal motif 3 contains the
Bacteriophage P2 DNA replication is initiated by a sin-
two tyrosine residues believed to form the covalent link
gle-stranded, site-specific cleavage at the origin of repli-
with the nicked DNA. The prototype of this family is the
cation (ori ), and it proceeds unidirectionally by a modified
A protein of fX174, where the two tyrosine residues are
rolling circle type of replication (Schno¨s and Inman, 1971;
able to alternate in catalyzing the cleavage and joining
Geisselsoder, 1976; Chattoraj, 1978). The cleavage reac-
reactions (Van Mansfeld et al., 1986; Hanai and Wang,
tion is mediated by the cis-acting P2 A protein, which
1993). To test whether the corresponding two conserved
becomes covalently attached to the 5* end of the cleaved
tyrosine residues in the P2 A protein have a similar role,
DNA (Lindahl, 1970; Liu and Hagga˚rd-Ljungquist, 1994).
we mutated them in vitro and studied their capacity to
The ori has been located within the coding part of the A
cleave single-stranded DNA. We find, however, that one
gene, in a region devoid of AT rich sequences and in-
of the tyrosine residues of P2 A protein is dispensable
verted or direct repeats (Schno¨s and Inman, 1971; Liu et
in the cleavage reaction in vitro, although both are re-
al., 1993), commonly associated with prokaryotic origins
quired for normal in vivo phage growth.
of replication (Bramhill and Kornberg, 1988).
The A gene codes for a protein of 86.3 kDa, and the
MATERIALS AND METHODSpurified A protein cleaves single-stranded, but not linear
double-stranded, ori containing DNA (Liu and Hagga˚rd- Biological materials
Ljungquist, 1994; Liu et al., 1993). By comparative analy-
For bacterial strains, phage, and plasmids, see Table 1.sis, the proteins involved in the initiation of rolling circle
DNA replication have been divided in two classes, the
Plasmid constructions
replication (Rep) and the mobilization of plasmids (Mob)
class, with a common motif [HisUHisUUU (motif 2)] be- Pertinant regions of the A gene and the oligonucleotide
primers used to construct the plasmids overexpressinglieved to be involved in metal ion coordination (Ilyina and
Koonin, 1992; Koonin and Ilyina, 1993). The Rep class the mutated P2 A genes are shown in Fig. 1. Standard
molecular cloning techniques were performed as de-has further been subgrouped into two large superfami-
lies and several smaller families, where the members scribed in Sambrook et al. (1989). Unless otherwise
stated, the enzymes were purchased from Pharmaciaof each family show statistically significant similarities
(Koonin and Ilyina, 1993). The P2 A protein belongs to and used as recommended by the manufacturer.
Construction of plasmid pEE712 which overexpressessuperfamily I, which has two additional conserved motifs
the mutated A protein, Y450D. The mutated A gene was
constructed by two consecutive PCR runs. In the first run1 To whom correspondence and reprint request should be addressed.
Fax: (/46) 8 164315. E-mail: Elisabeth.Haggard@genetics.su.se. two fragments were amplified using primers 83.3R and
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TABLE 1
Bacterial Strains, Phage, and Plasmids
Strain, phage, or plasmid Pertinent features Origin or reference
Bacterial strains
C-1a Protothrophic E. coli C strain Sasaki and Bertani, 1965
C-2073 C-1a lysogenized by P2 c5 Aam127 Nilsson and Bertani, 1977
BL21 (DE3) E. coli B strain carrying the T7 RNA polymerase gene under the control Studier et al., 1990
of the lac promoter
Phage
P2 Aam127 P2 mutant containing an amber mutation in the A gene Lindahl, 1971
Plasmids
pET16b A pET expression plasmid containing a His-Tag under the control of the Studier et al., 1990
T7 promoter f10 Novagen, Madison, WI
pEE711 pET16b expressing the wild-type A gene fused to the His-Tag of the Liu and Hagga˚rd-Ljungquist, 1994
vector
pEE712 As pEE711 but the A gene contains the Y450D mutant This paper
pEE713 As pEE711 but the A protein contains the Y454F mutation This paper
pEE714 As pEE711 but the A gene contains the Y450D and the Y454F mutations This paper
pEE715 As pEE711 but the A protein lacks the 302 first amino acids This paper
pEE717 pET16b derivative containing the 87.4 to 90.9% region of P2 DNA This paper
containing the Y454F mutation
88.0L-mutY450D, and 88.0R-mutY450D and 90.0L, re- the cloned fragment integrated in the correct orientation,
and that the PCR reaction had not induced any mutations,spectively (Fig. 1). In the next PCR run the two amplified
fragments were used as substrate for the amplification was verified by DNA sequence analysis. Since the vector
contains only one NruI site, and the A gene only containsusing primers 83.3R and 90.0L. The generated 83.3 to
90.0% fragment, containing the Y450D mutation, was one NruI site, located between tyrosines 450 and 454
(Fig. 1), the N-terminal part of the A gene could be in-phosphorylated using T4 polynucleotide kinase, and li-
gated with vector pET16b, which had been cleaved with serted into plasmid pEE717 by exchanging the NruI frag-
ment of plasmid pEE717 with that of plasmid pEE711,NdeI and the generated cohesive ends were filled in
using the Klenow enzyme and the 5* phosphates re- which contains the wild-type A gene fused to the His-
Tag of the vector, generating plasmid pEE713.moved using alkaline phosphatase. After transformation
into strain C-1a, the DNA sequence of the whole cloned Construction of plasmid pEE714 which expresses the
double-mutated A protein, Y450D / Y454F. The N-termi-gene and the junction to the His-Tag of the vector was
confirmed by DNA sequence analysis. nal part of the A gene, containing the Y450D mutation
contained on the NruI fragment of plasmid pEE712 wasConstruction of plasmid pEE713, which overexpresses
the mutated A protein, Y454F. The plasmid was con- exchanged with the NruI fragment of plasmid of pEE717
as described above, thus generating the A gene withstructed in two steps. First the C-terminal part of the
A gene, the 87.4 to 90.9% region containing the Y454F both the Y450D and Y454F mutations fused in frame with
the His-Tag of the vector.mutation, was amplified using primers 87.4R-mutY454F
and 90.9L (Fig. 1). The amplified fragment was phosphor- Construction of plasmid pEE715 which overex-
presses the truncated A protein, A303 . An in-frame fu-ylated using T4 polynucleotide kinase and ligated with
vector pET16b, which had been cleaved with NdeI as sion between the His-Tag of pET16b and the internal
start site at Met-303 was made by amplification of thebefore, generating plasmid pEE717. That the plasmid had
FIG. 1. DNA sequence of pertinent parts of the A gene and the derived amino acid sequence. The numbers above the sequences refer to the
amino acids of the A protein. The horizontal arrows indicate the orientation and location of the respective primer used for plasmid constructions.
The vertical arrows indicate base changes introduced by PCR mutagenesis (See Materials and Methods).
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pertinent region using primers 86.0R and 90.9L (Fig.
1). After phosphorylation, the amplified fragment was
inserted into the vector pET16b, which had been
cleaved with NdeI as before. After transformation into
strain C-1a, the DNA sequence of the whole cloned
gene, and the junction to the His-Tag of the vector was
confirmed by DNA sequence analysis.
Protein purification
Each plasmid was transformed into strain BL21(DE3)
for production of the proteins. Overexpression of gene A
leads to formation of inclusion bodies. The A protein was
purified to about 90% homogeniety by one-step affinity
chromatography under denaturing conditions, followed
by renaturation as described previously (Liu and Hag-
ga˚rd-Ljungquist, 1994). Protein concentrations were de-
termined by the method of Bradford, using bovine serum
albumin as a standard (Bradford, 1976), and adjusted to
approximately 150 ng/ml.
Amplification of DNA by the polymerase
chain reaction (PCR)
The amplification was performed as described before
(Liu and Hagga˚rd-Ljungquist, 1994).
DNA sequencing
The sequence analyses were performed by the chain
terminating technique (Sanger et al., 1977).
In vitro cleavage and joining reactions
The synthetic oligonucleotides (150 pmol) used as
substrates were 5* end-labeled using T4 polynucleotide
kinase and [g-32P]ATP (Amersham), and unincorporated
nucleotides were removed. The cleavage and joining re- FIG. 2. Site-specific cleavage of a single-stranded ori containing
actions (20 ml) contained 6 pmol of the labeled oligonu- oligonucleotide by the A protein. Varying amounts of the A protein were
incubated with 5* end-labeled oligonucleotide ori (5*-GCGCCTCGfG-cleotide and 450–750 ng of the purified wild-type or mu-
AGTCCTGTCAA) as described under Materials and Methods. (A) Auto-tated A protein under the same conditions as described
radiograph of the polyacrylamide gel. Lane 1, 5* end-labeled size mark-before (Liu and Hagga˚rd-Ljungquist, 1994). The products
ers ranging from 8 to 32 nt in length (Pharmacia). Lane 2 to 14 contains
were separated on a 20% polyacrylamide gel containing increasing amounts of the A protein. (B) The percentage of cleaved
8 M urea, followed by autoradiography of the dried gels. oligonucleotide was determined from the gel shown above by storage
phosphor technology.The reaction products were quantified using storage
phosphor technology.
oligonucleotide 20 nucleotides (nt) long containing the
RESULTS ori sequence. Since the A protein remains covalently
joined to the 5* end after cleavage, the reaction shouldKinetics of the P2 A protein cleavage reaction
generate a free 5* end-labeled fragment 8 nt long. As
can be seen in Fig. 2, the cleavage reaction yields aThe P2 A protein has been shown to efficiently cleave
single-stranded P2 ori-containing DNA (Liu and Hagga˚rd- labeled fragment of 8 nt and the reaction reaches almost
100%. This implies that under the conditions used, theLjungquist, 1994). The initiation proteins of rolling circle
replication are known to catalyze a cleavage as well joining reaction is either less efficient than the cleavage
reaction or does not occur at all. At low concentrationsas a joining reaction, which can be expected to be in
equilibrium with each other. The kinetics of the cleavage of protein A the curve shows evidence of cooperativity,
which may indicate that the active form of the A proteinreaction were studied using increasing amounts of puri-
fied A protein and a constant amount of a 5*-labeled is at least a dimer.
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FIG. 3. Site-specific cleavage and joining reactions. (A) The A protein was incubated with oligonucleotides ori (5*-GCGCCTCGfGAGTCCTGTCAA)
and/or ori-9 (5*-ATCGCCGCGCCTCGfGAGTCC). Lane 1, only 5* end-labeled ori-9; lane 2, only 5* end-labeled ori; lane 3, 5* end-labeled ori and
unlabeled ori-9; lane 4, 5* end-labeled ori and ori-9; lane M, size markers (Fig. 2). (B) The A protein was incubated with a constant amount of
5* end-labeled oligonucleotide ori and varying amounts of 5* end-labeled ori-10 (5*-ATCGCCGCGCCTCGf) as described under Materials and
Methods. Lane 1, 5* end-labeled ori in absence of A (control); lane 2, 5* end-labeled ori; lanes 3 – 8, constant amount of 5* end-labeled ori and
increasing amounts of ori-10 (6 to 55 pmol per reaction) lane M, size markers. Schematic drawings of the respective reaction are indicated in
C and D.
The P2 A protein catalyzes joining of age product generating a new 14-nt-long labeled frag-
ment (lane 3), and the labeled 14-nt cleavage product issingle-stranded oligonucleotides
able to join the unlabeled 12-nt cleavage product gener-
The P2 A protein is expected to cleave as well as join ating a new 26-nt-long fragment (lane 4).
the DNA strands after one round of replication, giving In the experiments described above, the fragments
rise to monomeric circles in a mode similar to the fX174 joined were the products of a preceding cleavage reaction.
RF replication. Under the conditions described above we To directly study only the joining reaction, a constant
found no indication of a joining reaction. In order to de- amount of 5* labeled oligonucleotide ori and an increasing
tect a possible joining reaction, two oligonucleotides amount of 5* labeled oligonucleotide ori-10 (which is a 14-
which differed in the location of the nick site, 8 (ori) and mer ending at the 3* end of the ori cleavage site) were
14 nt (ori-9) from the respective 5* end (Fig. 3C), were incubated with the P2 A protein. The joining of the labeled
incubated with the P2 A protein in the same reaction 14-nt ori-10 to the unlabeled 12-nt cleavage product gener-
mixture. Either one or both of the oligonucleotides were ates a 26-nt-long fragment as expected (Figs. 3B and D),
labeled at the 5* end in order to define the origins of but the joining reaction is rather inefficient compared to the
the hybrid products. The presence of the labeled hybrid cleavage reaction. It seems as if the balance between the
length product would indicate ligation activity of the P2 cleavage and the joining reaction in our system is shifted
A protein. As can be seen in Fig. 3A, the labeled 8-nt toward cleavage, since the amount of joined product never
exceeds 4%.cleavage product is able to join the unlabeled 6-nt cleav-
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The A gene contains several possible internal transla-
tional initiation sites (Liu et al., 1993). A truncated form
of the A protein has been purified, which starts at amino
acid 303 which is 19 amino acids upstream of motif 1,
e.i. at a location reminiscent of the fX174 A* protein
which is initiated 27 amino acids upstream of motif 1.
The truncated P2 A protein, A303 , was also tested for the
capacity to cleave the ori-containing oligonucleotide, but
the truncated A protein was found to have no cleavage
activity (Fig. 4, lane 7).
Effects of the Y450D mutation on phage growth
Since the Y450D-mutated A protein is able to cleave
as well as join single-stranded ori-containing oligonucle-
otides like the wild-type A protein, we were interested to
see if it had any effects on phage growth. To introduce
the Y450D mutation into P2, a non-permissive P2 Aam127
lysogenic strain (C-2073) was transformed with plasmid
pEE712, which contains the Y450D-mutated A gene or
pEE711, which contains the wild-type A gene, and free
phages able to grow on the nonpermissive strain C-1a
FIG. 4. Site-specific cleavage reactions with wild-type, mutated, and
were isolated. Plaque formers on the nonpermissivetruncated A proteins. The A proteins were incubated with 5* end-la-
strain could result either from reversion of the Aam127beled oligonucleotide ori (Fig. 2) as described under Material and Meth-
ods. The products were separated by polyacrylamide gel electrophore- mutation or recombination between the plasmid and the
sis and autoradiographed. Lane 1, size markers (Fig. 2); lane 2, no A prophage. The structure of the homologous region in the
protein; lane 3, wild-type A protein; lane 4, Y450D-mutated A protein; phage and plasmid is as follows 615 nt-Aam127-732 nt-
lane 5, Y454F-mutated A protein; lane 6, Y450D / Y454F-mutated A
Y450D-970 nt. Thus the double crossover reaction lead-protein; lane 7, truncated A303 protein.
ing to an exchange of the Aam127 mutation to the wild-
type sequence can be expected to contain the Y450D
Tyr-454, but not Tyr-450, is required mutation with a high frequency, unless it affects the
for the cleavage reaction growth of the phage. Since the Y450D mutation gener-
ates an EcoRV restriction site (Fig. 1), the pertinent DNAPurified fX174 A* protein has been shown to cleave
single-stranded oligonucleotides containing the ori region region was amplified by PCR and analyzed for the pres-
ence of the EcoRV site. Of 30 plaques tested from the(Van Mansfeld et al., 1984; 1986), and mutations in either
Tyr-343 or Tyr-347 will not affect the cleavage reaction P2 Aam127 lysogen carrying plasmid pEE712, two were
found to contain a mixture of the wild-type and the Y450D(Hanai and Wang, 1993). To test if the cleavage reaction
of the P2 A protein acts in a similar manner, Tyr-450 was mutation. However, upon plaque purification of the origi-
nal plaques containing the mixed bursts, the Y450D mu-changed to Asp (Y450D) and Tyr-454 to Phe (Y454F) by in
vitro mutagenesis. After purification, their cleavage capaci- tation is lost (200 single plaques were tested). The con-
trol strain containing plasmid pEE711 gave no mixedties were analyzed using the wild-type ori-containing oli-
gonucleotide described above. The purified Y450D protein bursts. Therefore we conclude that the Y450D mutation,
even though it cleaves and joins single-stranded ori-con-cleaves the 20-nt-long 5* end-labeled ori oligonucleotide,
generating a 8-nt-long labeled fragment like the wild-type taining DNA normally, is inhibited at some other stage
in the life cycle.A protein (Fig. 4, lanes 3 and 4). However, in contrast to
the wild-type A protein, Y450D generated an additional
weak fragment of 14 nt. Thus it seems that the Y450D Characterization of the sequence requirements
mutant cleaves the ori-containing oligonucleotide both at at the cleavage site
ori and 5 nucleotides to the right of ori, generating the 14-
nt-long labeled fragment. Often a weak 26-nt-long frag- To characterize the sequence requirements for the
cleavage reaction we used a set of synthetic oligonucleo-ment can also be seen which might be the product of a
ligation reaction between the 14-nt labeled fragment and tides containing single base transitions in the nick re-
gion. As can be seen in Fig. 5, the two nucleotides up-the 12-nt unlabeled fragment generated by cleavage at
ori. The Y454F protein, and the protein containing both stream of the cleavage site (01 and 03) are critical for
the cleavage reaction, and nucleotides 02, /1, and /2mutations (Y450D / Y454F) were unable to cleave the
oligonucleotide (Fig. 4, lanes 5 and 6). show a reduced cleavage efficiency. Thus it seems as if
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is also possible that the optimal conditions for cleavage
and ligation are not identical, something that needs to
be studied further.
A comparative analysis of the initiator proteins for roll-
ing circle replication places P2 A among the proteins of
superfamily I of the Rep class which contain two tyrosine
residues in the presumed catalytic site (Koonin and Ily-
ina, 1993). The prototype of this family is the A protein
FIG. 5. Relative cleavage efficiencies of synthetic oligonucleotides of fX174, which can utilize either of the two tyrosine
containing point mutations in the ori region. The location of the nick
residues for the cleavage-ligation reaction (Van Mansfeldis indicated by the arrow. The cleavage efficiencies were determined
et al., 1986). Our mutation studies show that Tyr-454 butby quantitation of the fraction of cleaved material out of total activity
not Tyr-450 of the P2 A protein is required for the cleav-in a phosphoimager. The values were obtained using 150 ng of A
protein per reaction. age reaction. However, since the Tyr-450 residue could
not be replaced with Asp by recombination into a viable
phage, the Tyr-450 residue is most likely critical for P2
the core region required for cleavage is 5 nucleotides
A function in vivo.
long.
Alignments of the replication ori sites of superfamily I
of the Rep class has revealed very little sequence con-
DISCUSSION
servation, but in common with superfamily II all the
known or presumed cleavage sites occur on the 3* sideRolling circle replication is commonly used among cir-
cular replicons of different origins, for example single- of a G residue, and in all cases except for P2 and the
P2 related phage 186, the 5* site is an A residue (Kooninstranded (ss) and double-stranded (ds) DNA phages (Van
Mansfeld et al., 1984; Baas and Jansz, 1988), ss DNA and Ilyina, 1993). Also a CT pair seems to be conserved
on the 3* side of the nick in several members of super-plasmids (Gruss and Ehrlich, 1989; Novick, 1989), ss DNA
plant viruses (Stenger et al., 1991; Saunders et al., 1991), family I. We tested the importance of the conserved resi-
dues for the in vitro cleavage reaction by introducingand ss and ds DNA animal viruses (Berns, 1990; Das-
gupta et al., 1992). In the systems studied, the initiation single base transitions in the DNA substrate. We found
that the T residue of the conserved CT pair as well asproteins possess a nicking-closing and topoisomerase-
like activity. The best studied system is that of the ss the G residue on the 3* side of the nick were essential
for the cleavage reaction. However, making the P2 oriDNA phage fX174, where the A protein nicks the ori site
in the viral strand of the replicative form and forms a sequence more similar to the other members of the fam-
ily by changing the 5* G residue to an A led to a de-covalent link to the 5* end of the cleaved strand. The
3* end is thereafter extended by the host polymerase creased cleavage efficiency.
displacing the 5* viral strand and after one round of repli-
cation the parental viral strand is religated and the A ACKNOWLEDGMENTS
protein is transferred to the progeny strand to initiate a
This work was supported by Grant 72 from the Swedish Medicalnew round of replication (Baas and Jansz, 1988). P2 is
Research Council and by Magn. Bergvalls Foundation. We thank San-
believed to follow a similar mode of replication, but the tanu Dasgupta for reading the manuscript and helpful suggestions.
details of the P2 replication system have not yet been
elucidated. In this work we addressed the following REFERENCES
questions about the P2 A initiator protein: (i) can it pro-
Baas, P. D., and Jansz, H. S. (1988). Single-stranded DNA phage origins.mote the cleavage as well as the joining reaction, (ii)
Curr. Topics Microbiol. Immunol. 136, 31–70.are the two conserved tyrosine residues involved in the
Berns, K. I. (1990). Parvovirus replication. Microbiol. Rev. 54, 316–329.
cleavage reaction, and (iii) what are the sequence re- Bertani, L. E., and Six, E. W. (1988). The P2-like phages and their
quirements for the cleavage reaction? parasite, P4. In ‘‘The Bacteriophages’’ (R. Calendar, Ed.), Vol. 2, pp.
73–143. Plenum, New York.As shown above, the P2 A protein mediates a strand-
Bradford, M. M. (1976). A rapid and sensitive method for the quantitationspecific cleavage at ori, and it also exhibits a weak liga-
of microgram quantities of protein utilizing the principle of protein-tion activity under the conditions used. Since the purified
dye binding. Anal. Biochem. 72, 248–254.
A protein does not bind to double-stranded DNA either Bramhill, D., and Kornberg, A. (1988). A model for initiation at origins
in linear or supercoiled circular form in vitro (Liu and of DNA replication. Cell 54, 915–918.
Chattoraj, D. K. (1978). Strand-specific break near the origin of bacterio-Hagga˚rd-Ljungquist, 1994), we used single-stranded oli-
phage P2 DNA replication. Proc. Natl. Acad. Sci. USA 75, 1685–1689.gonucleotides as substrates for the cleavage and ligation
Dasgupta, S., Zabielski, J., Simonsson, M., and Burnett, S. (1992). Roll-reactions. The inefficient ligation reaction in vitro with ss
ing-circle replication of a high-copy BPV-1 plasmid. J. Mol. Biol. 228,
oligonucleotides is understandable when compared to 1–6.
in vivo conditions where the ends are held together after Geisselsoder, J. (1976). Strand-specific discontinuity in replicating P2
DNA. J. Mol. Biol. 100, 13–22.one round of replication by the replication machinery. It
/ 6a0f$$7686 01-04-96 11:45:25 vira AP-Virology
164 LIU AND HAGGA˚RD-LJUNGQUIST
Gruss, A., and Ehrlich, S. D. (1989). The family of highly interrelated Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). ‘‘Molecular Cloning:
single-stranded deoxyribonucleic acid plasmids. Microbiol. Rev. 53, A Laboratory Manual,’’ 2nd ed., Cold Spring Harbor Laboratory Press,
231–241. Cold Spring Harbor, NY.
Hanai, R., and Wang, J. C. (1993). The mechanism of sequence-specific Sanger, F., Nicklen, S., and Coulson, A. R. (1977). DNA sequencing with
DNA cleavage and strand transfer by fX174 gene A* protein. J. Biol. chain terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463–
Chem. 268, 23830–23836. 5857.
Ilyina, T. V., and Koonin, E. V. (1992). Conserved sequence motifs in Sasaki, I., and Bertani, G. (1965). Growth abnormalities in Hfr derivatives
the initiator proteins for rolling circle DNA replication encoded by of Escherichia coli strain C. J. Gen. Virol. 40, 365–376.
diverse replicons from eubacteria, eucaryotes and archaebacteria. Saunders, K., Lucy, A., and Stanley, J. (1991). DNA forms of the geminivi-
Nucleic Acids Res. 20, 3279 – 3285. rus African Cassava mosaic virus consistent with a rolling circle
Koonin, E. V., and Ilyina, T. V. (1993). Computer-assisted dissection of mechanism of replication. Nucleic Acids Res. 19, 2325–2330.
rolling circle DNA replication. BioSystems 30, 241–268. Schno¨s, M., and Inman, R. B. (1971). Starting point and direction of
Lindahl, G. (1970). Bacteriophage P2: Replication of the chromosome replication in P2 DNA. J. Mol. Biol. 55, 31–38.
requires a protein which acts only on the genome that encoded for Stenger, D. C., Revington, G. N., Stevenson, M. C., and Bisaro, D. M.
it. Virology 42, 522–533.
(1991). Replicational release of geminivirus genomes from tandemly
Lindahl, G. (1971). On the control of transcription in bacteriophage P2.
repeated copies: Evidence for rolling-circle replication of a plant
Virology 46, 620–633.
virus. Proc. Natl. Acad. Sci. USA 88, 8029–8033.
Liu, Y., Saha, S., and Hagga˚rd-Ljungquist, E. (1993). Studies of bacterio-
Studier, F. E., Rosenberg, A. H., Dunn, J. J., and Dubendorff, J. W. (1990).phage P2 DNA replication. The DNA sequence of the cis-acting gene
Use of T7 RNA polymerase to direct expression of cloned genes.A and ori region and construction of a P2 mini-chromosome. J. Mol.
Methods Enzymol. 185, 60–89.Biol. 231, 361–374.
Van Mansfeld, A. D. M., Baas, P. D., and Jansz, H. S. (1984). Gene ALiu, Y., and Hagga˚rd-Ljungquist, E. (1994). Studies of bacteriophage P2
protein of bacteriophage fX174 is a highly specific single-strandDNA replication. Localisation of the cleavage site of the A protein.
nuclease and binds via a tyrosyl residue to DNA after cleavage. Adv.Nucleic Acids Res. 22, 5204 – 5210.
Exp. Med. Biol. 179, 221–230.Nilsson, E., and Bertani, L. E. (1977). Restoration of immunity in lysogens
Van Mansfeld, A. D. M., Teeffelen, H. A. A. M., Baas, P. D., and Janz,carrying prophage P2, derepressed at high temperature. Mol. Gen.
H. S. (1986). Two juxtaposed tyrosyl-OH groups participate in fX174Genet. 156, 297–302.
gene A catalyzed cleavage and ligation of DNA. Nucleic Acids Res.Novick, R. (1989). Staphylococcal plasmids and their replication. Annu.
Rev. Microbiol. 43, 537–565. 14, 4229–4238.
/ 6a0f$$7686 01-04-96 11:45:25 vira AP-Virology
